Gap junction channels are formed by paired oligomeric membrane Gap junctions are clusters of intercellular channels that permit the direct exchange of small metabolites, ions, and second messengers between the cytoplasms of adjacent cells (1), which play diverse roles in cellular signaling and growth regulation. Gap junction channels are formed by members of a family of proteins known as connexins (2). Connexin molecules oligomerize in the trans Golgi (3) into a membrane channel known as a connexon [hemichannel (4)], which is defined as homomeric when composed of the same connexin or heteromeric when composed of different connexins. Connexons in adjacent cells join head-to-head across a narrow extracellular "gap" to form intercellular channels, which are defined as homotypic when the same connexin comprises both connexons, and heterotypic when different connexins comprise each connexon of the pair. The expression of connexins is cell-type specific (5-7); however, multiple connexins are known to be expressed within the same cell type. For example, lens fibers express both Cx46 and Cx5O (8, 9), cardiac myocytes (10) and osteoclasts (11) express Cx45 and Cx43, and exocrine pancreas (12) and hepatocytes (13) express Cx32 and Cx26.
Gap junctions are clusters of intercellular channels that permit the direct exchange of small metabolites, ions, and second messengers between the cytoplasms of adjacent cells (1) , which play diverse roles in cellular signaling and growth regulation. Gap junction channels are formed by members of a family of proteins known as connexins (2) . Connexin molecules oligomerize in the trans Golgi (3) into a membrane channel known as a connexon [hemichannel (4) ], which is defined as homomeric when composed of the same connexin or heteromeric when composed of different connexins. Connexons in adjacent cells join head-to-head across a narrow extracellular "gap" to form intercellular channels, which are defined as homotypic when the same connexin comprises both connexons, and heterotypic when different connexins comprise each connexon of the pair. The expression of connexins is cell-type specific (5-7); however, multiple connexins are known to be expressed within the same cell type. For example, lens fibers express both Cx46 and Cx5O (8, 9) , cardiac myocytes (10) and osteoclasts (11) express Cx45 and Cx43, and exocrine pancreas (12) and hepatocytes (13) express Cx32 and Cx26.
In myocardial cells, single channel conductance studies using dual whole-cell patch clamp methods have revealed more conductance states (14) than detectable members of the connexin family (12) . These data, together with the demonstration of asymmetric voltage dependence in chicken cardiac myocytes (15) , suggest the possibilities of either multiple conductance states for homomeric connexons in homotypic intercellular channels or the mixing of different connexins in heteromeric and heterotypic assemblies.
Heterotypic connexon interactions have been demonstrated to occur both in transfected cell systems (16, 17) and between paired Xenopus oocytes (18, 19) , in some cases resulting in channel properties different from both parent connexins (20, 21) . While many connexins are able to form heterotypic interactions, selectivity in connexin interactions has also been demonstrated. Cx4O and Cx43 have been shown to be incompatible both in the oocyte-pair expression system (22) and in transfected HeLa cells (16 of some conductances and not others, indicating that these two connexins assemble into discrete intercellular channels (23) . Different connexins are known to colocalize in the same gap junctional maculae (8, 13, 24) . Structural studies using scanning transmission electron microscopy have indicated that isolated gap junction maculae from rodent liver may contain heterotypic connexin channels formed by Cx26 and Cx32 (25) . Konig and Zampighi (26) recently reported that they have isolated intercellular channels composed of bovine lens Cx44 and Cx50, although it could not be determined if these channels were heterotypic or heteromeric. Studies by Stauffer (27) have shown that recombinant rat Cx32 and Cx26, coinfected into insect cell lines, can form heteromeric connexons. These studies provide the biochemical data that purified, recombinant connexons may be composed of both heteromeric and homomeric assemblies; however, the existence of heteromeric connexons in vivo has not been shown.
Three members of the connexin family are known to be expressed in the vertebrate lens. Cx43 is confined to the lens epithelial cells and to the differentiating lens fibers in the equatorial region of the organ (28, 29) . The other two, Cx46
and Cx5O, are expressed during the differentiation of, and persist in, mature lens fibers (8, 30, 31 The gap junction-rich lens fiber membranes were isolated as described (35). Briefly, the whole chicken lenses or cortical tissue from ovine or bovine lenses was lysed in the lysis buffer (5 mM Tris, pH 8.0/5 mM EDTA/EGTA) and crude membranes were pelleted at 25,000 rpm for 20 min (Beckman SW28 rotor). Membranes were extracted with 4 M urea/5 mM Tris, pH 9.5/5 mM EDTA/EGTA and followed by extraction with 20 mM NaOH and pelleting by centrifugation (25,000 rpm, 45 min, SW28). The membranes were washed with 5 mM Tris, pH 7.0/2 mM EDTA/EGTA/100 mM NaCl. Channel structures can be solubilized under low salt condition with various detergents such as 2% 8-Glu, 1% 8-POE, 0.5% Triton X-100, and 1% Nonidet P-40.
Metabolic Labeling and Immunoprecipitation. Intact lenses from 11 -day embryonic chicken were dissected into culture medium (medium 199 
RESULTS
Polyclonal anti-Cx45.6 and anti-CxS6 antibodies have been previously characterized and affinity-purified (32). These antibodies were used to detect possible physical interactions between these two connexins using immunoprecipitation methods (29) . The unique solubility properties of lens fiber gap junctions maculae in nonionic detergents (34, 39) allowed us to obtain a population of soluble junctional channels, permitting a study of their molecular composition. Crude membranes from metabolically labeled chicken lens were stripped with urea/alkali and solubilized in the presence of the nonionic detergent 8-POE (34). Fig. 1 , lane 2, demonstrates that the anti-Cx45.6 antibody coimmunoprecipitated both Cx45.6 and Cx56 from these detergent-solubilized membranes. This result indicated that solubilized gap junctional channels of chicken lens contained both Cx45.6 and Cx56. Reciprocally, anti-CxS6 antibody also coimmunoprecipitated Cx45.6 (Fig. 1, lane 4) . Lanes 1 and 3 showed that after denaturation with SDS, neither of the antibodies coimmunoprecipitated the cognate connexin, demonstrating the noncovalent association of these two connexins and the non-cross-reactivity of the antibodies. There are some minor uncharacterized proteins which associated with Cx45.6 and Cx56, evident in the coimmunoprecipitation samples (Fig. 1, lanes 2 and 4) (3) as markers for the connexons with a sedimentation coefficient of 9S. Based on protein standards and calculations, the sedimentation coefficient 9S migrated centered at fraction 7. 8-POE-solubilized ovine lens fiber membranes were centrifuged through 5-20% sucrose gradients. The resultant fractions were resolved using SDS/ PAGE and then Western-blotted with the anti-MP70 (Cx5O) monoclonal antibody. As shown in Fig. 2A , Cx5O concentrated into one major peak (fractions 6-8) at 9S, the position where connexons were previously shown to migrate (3, 34) . Similarly, anti-Cx46 antibody also localized Cx46 into the same connexon-rich fractions (fractions 6-8) as those of Cx50 (Fig. 2B) The sucrose gradient fractions were analyzed by immunoblots combined with immunoprecipitation approaches to examine whether the connexon population contained heteromeric connexons. To completely eliminate the crossreactivity of secondary antibodies, anti-Cx46 antibody was covalently conjugated to protein A-Sepharose through a chemical cross-linking reaction (see Materials and Methods), and connexon-rich fractions were immunoprecipitated by anti-Cx46 antibody-conjugated beads. The immunoprecipitated samples were then resolved by SDS/PAGE and immunoblotted with anti-MP70 (Cx5O) monoclonal antibody. Fig. 3, lane 2, shows that under nondenaturing conditions, anti-Cx46 immunoprecipitates contained Cx5O, indicating the presence of these two connexins in a single connexon. Reciprocal experiments were performed in which connexonrich fractions were immunoprecipitated with anti-MP70 (Cx5O) conjugated to anti-mouse IgM agarose, followed by Western blotting of the immunoprecipitates with anti-Cx46 (Fig. 3, lane 3) . These data further confirmed that single connexons were composed of both Cx46 and Cx5O. Control experiments with SDS treatment prior to the immunoprecipitation showed neither of the cognate connexins were coimmunoprecipitated (Fig. 3, lanes 1 and 4) . Similar experiments performed with bovine lenses also showed heteromeric connexons composed of bovine Cx46 and Cx5O (data not shown).
To exclude the possibility that other proteins might associate with connexins to form a connexon-like complex which migrated at 9S on sucrose gradient, we silver-stained the above immunoprecipitates from antibody-conjugated beads separated on SDS/PAGE. The silver-stained gels were quantitated by laser densitometry. Greater than 96% of total protein was represented by Cx46 and MP70 (Cx5O), while the remaining "IP"Ab Cx46 MP70 Unlike the connexons formed from Cx32 and Cx26, lens fiber connexons composed of MP70 (Cx5O) and Cx46 aggregated with increased ionic strength, precluding the use of high-salt negative stain electron microscopy to quantitatively assess the monomeric form of the connexons. While limited fields of single connexons could be found similar to those published in the literature (34), the bulk of the grid-associated material was highly aggregated. That these aggregates formed during the process of negative staining was demonstrated by showing that the isolated connexons resedimented at 9S, the expected size of connexons, following 1 month storage at 4°C.
It was clear from the broad distribution of solubilized chicken connexins on sucrose gradients that the connexons were associated with other proteins in the detergent complexes. These proteins, together with the connexins, may be visualized in immunoprecipitates of radiolabeled specimens shown in Fig. 1, lanes 2 and 4. Unlike the chicken, however, ovine connexons ran as a sharp peak at 9S, indicating that these connexons are not associated with other proteins. Silver staining and densitometry of the ovine immunoprecipitates confirmed that non-connexin proteins comprised <4% of the total protein and thus were not in sufficient concentration to 
